, H. Concurrent infections with vector-borne pathogens associated with fatal hemolytic anemia in a cattle herd in Switzerland.
Bovine anaplasmosis is a vector-borne disease that results in substantial economic losses in other parts of the world but so far not in northern Europe. In August 2002, a fatal disease outbreak was reported in a large dairy herd in the Swiss canton of Grisons. Diseased animals experienced fever, anorexia, agalactia, and depression. Anemia, ectoparasite infestation, and, occasionally, hemoglobinuria were observed. To determine the roles of vector-borne pathogens and to characterize the disease, blood samples were collected from all 286 animals: 50% of the cows were anemic. Upon microscopic examination of red blood cells, Anaplasma marginale inclusion bodies were found in 47% of the cows. The infection was confirmed serologically and by molecular methods. Interestingly, we also found evidence of infections with Anaplasma phagocytophilum, large Babesia and Theileria spp., and Mycoplasma wenyonii. The last two species had not previously been described in Switzerland. Anemia was significantly associated with the presence of the infectious agents detected, with the exception of A. phagocytophilum. Remarkably, concurrent infections with up to five infectious vector-borne agents were detected in 90% of the ill animals tested by PCR. We concluded that A. marginale was the major cause of the hemolytic anemia, while coinfections with other agents exacerbated the disease. This was the first severe disease outbreak associated with concurrent infections with vector-borne pathogens in alpine Switzerland; it was presumably curtailed by culling of the entire herd. It remains to be seen whether similar disease outbreaks will have to be anticipated in northern Europe in the future.
Vector-borne diseases are of increasing importance to human populations, livestock, and pet animals (17, 42, 49) . Bloodsucking vectors, such as ticks and mosquitoes, can transmit a variety of pathogens, including viruses, bacteria, and parasites. The present study investigates a fatal infectious disease outbreak of hemolytic anemia in a cattle herd in Switzerland. The disease was associated with the detection of multiple vectorborne pathogens.
The outbreak was unusual for two reasons: (i) the observation of organisms not seen in this area prior to this outbreak and (ii) the high percentage of ill animals apparently infected with several organisms. Animals had concurrent infections with as many as five vector-borne pathogens for which tests were conducted. One of these pathogens was Anaplasma marginale, which leads to extravascular hemolysis and anemia in infected cows (26, 27) . Severe economic losses have been reported due to bovine anaplasmosis in other parts of the world (26) . However, the clinical importance of anaplasmosis had been negligible in Switzerland so far; it had been reported once and just in solitary cases (7) . Similarly, bovine babesiosis, which was also detected in the present study and which is characterized by hyperthermia, hemoglobinuria, and a decline in milk yield, has so far been observed only sporadically in cattle in this region (1, 8) . Moreover, Theileria spp. and Mycoplasma wenyonii (18, 33) had not previously been reported at all in Switzerland. To our knowledge, the concurrent infections described here thus represent a novelty in northern Europe.
MATERIALS AND METHODS
Clinical history and sample collection. The fatal outbreak affected a herd of mostly dairy cows located north of the Alps in the canton of Grisons, Switzerland. The animals were housed in three groups: two in free-range stables and one in tie-in stalls. The herd size of more than 300 cattle was large by Swiss measures. In addition, animals were traded frequently and introduced to the herd regularly without a quarantine period. During July and August 2002, 20 cows died of unknown causes. This event had been preceded by the introduction of 30 animals originating from the southern part of Switzerland (Brusio, Poschiavo, located south of the Alps near the Italian border). To our knowledge, no contact with or introduction of Italian cattle had occurred. Upon necropsy of the deceased cows, samples were tested for infectious bovine rhinotracheitis (IBR; Chekit Trachitest; Bommeli AG, Liebefeld, Switzerland) (40), malignant catarrhal fever (21), anthrax (51) , and bovine viral diarrhea virus (46) . The remaining cattle showed fever, weakness, depression, loss of appetite, and an up to 90% decrease in milk yield. In addition, very pale mucous membranes indicative of severe anemia and, occasionally, red urine as a sign of hemoglobinuria were observed. Blood samples were collected from all remaining 286 cows. In addition, lice (Haematopinus eurysternus) from five cows as well as six ticks (five Ixodes ricinus ticks and one tick whose species was not determined) and four flies (Musca domestica) found in the respective stables were collected. As a last measure to stop the rapid spread of the disease, the Swiss Federal authorities ruled that the entire herd had to be culled at the end of August 2002.
Hematology and blood chemistry. Thin blood smears were performed with fresh blood in EDTA anticoagulant from 285 cows and Giemsa stained by using an AMES Hema Tek slide stainer (Bayer, Zürich, Switzerland). The packed cell volumes (PCVs) of 286 samples were determined. In addition, complete hematology was performed for 172 cows (Cell-Dyn 3500; Abbott, Baar, Switzerland).
Biochemical parameters were assayed for 105 serum samples (Cobas-Integra 700; Roche Diagnostics, Rotkreuz, Switzerland) by standard procedures recommended by the International Federation of Clinical Chemistry, as compiled elsewhere (47) .
PCR analysis and sequencing. Blood samples (n ϭ 58) and several potential vectors were analyzed by PCR. DNA was purified from 200 l of EDTAanticoagulated blood with a QIAamp Blood Mini kit (Qiagen, Basel, Switzerland) and eluted into 50 L of AE elution buffer. Arthropods were mechanically disrupted (Mixer Mill MM 300; Retsch GmBH, Haan, Germany) and dissolved in 180 l of ATL tissue lysis buffer for DNA extraction with the DNeasy tissue kit (Qiagen). DNA samples were analyzed by conventional PCR for A. marginale (MSP5) and Babesia spp. and by real-time TaqMan PCR for Borrelia burgdorferi and Anaplasma phagocytophilum (previously Ehrlichia phagocytophila), as described previously (29, 36, 38, 48) . In addition, a 682-bp region of the 16S rRNA gene of Theileria spp. was amplified by using the following primers: forward primer 5Ј-CGTCAGTTTTTACGACTCC-3Ј and reverse primer 5Ј-GTTCACA AAACTTCCCTAGAC-3Ј. Briefly, 5 l of DNA solution was amplified with 2.5 U of Taq DNA polymerase (Sigma-Aldrich, Buchs, Switzerland), 1 M each primer, 200 M deoxynucleoside triphosphates, and 1.25 mM MgCl 2 in a total volume of 25 l. PCR cycling conditions were as follows: 5 min at 95°C and 40 cycles of 30 s at 95°C, 30 s at 62°C, and 1 min at 72°C, followed by 10 min at 72°C. Furthermore, the M. wenyonii-specific 16S rRNA gene was amplified by a method described for the amplification of Mycoplasma haemofelis (22) . Comparison of the sequences of the feline and bovine strains showed that the primer sequences match the sequence of M. wenyonii (GenBank accession number AF016546).
PCR products from conventional PCR assays were analyzed on 2 or 3% agarose gels; representative amplicons were purified with a MinElute gel extraction kit (Qiagen) and sequenced from both sides. Briefly, cycle sequencing was performed with approximately 20 ng of DNA and 3.3 pmol of product-specific primers by using a BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems, Rotkreuz, Switzerland). Cycling conditions were as follows: 25 cycles at 96°C for 10 s, 50°C for 5 s, and 60°C for 3 min. The products were purified with a DyeEx Spin column (Qiagen) and analyzed on an ABI Prism 310 Genetic Analyzer (Applied Biosystems).
Serological assays. Serum samples (n ϭ 285) were tested for A. marginalespecific antibodies by a competitive enzyme-linked immunosorbent assay (cELISA; Veterinary Medical Research and Development Inc., Pullman, Wash.) (24) . In addition, selected samples were tested for bovine ephemeral fever (52) and A. phagocytophilum (37) .
Cell culture assays. In order to detect retroviruses, mononuclear cell cultures were initiated from 10 cows by standard methods with concanavalin A and recombinant human interleukin-2 (a generous gift from Novartis, Basel, Switzerland); the supernatant was assayed for reverse transcriptase activity (39) . Subsequently, the cells were used for cytospin preparations and were examined microscopically.
Statistics. Data were compiled and analyzed with Excel software (Microsoft), Clinical Laboratory software (version 1.65; Analyse-it Software, Ltd., Leeds, United Kingdom), and Prism software (version 3.00; GraphPad Software, Inc., San Diego, Calif.). The chi-square statistic was used to test for associations between categorical variables; linear correlation and the nonparametric Spearman rank test were performed for continuous variables (41) . Because anemia appeared to be the key sign of illness, animals were categorized into three groups according to their PCVs for further analysis: group I consisted of severely anemic cattle (PCVs Ͻ 15%); group II consisted of cattle that were anemic with intermediate PCVs (15 to Ͻ25%), and group III had normal PCVs (Ն25%) (Fig. 1) . Differences between groups I to III were tested for statistical significance by the nonparametric Kruskal-Wallis test with Dunn's multiple-comparison posttest (41) . Calculation of the P value according to Kruskal-Wallis analysis values took the total number of comparisons into account. Differences were considered significant when P was Ͻ0.05 for the entire family of comparisons. Agreement between different methods was tested by using kappa statistics (4). Weighted kappa values (K W ) Ͼ0.8 were interpreted as very good agreement.
RESULTS

Hematological and biochemical changes in diseased cattle.
To characterize the disease, all animals of the affected herd were evaluated hematologically. Anemia, defined as PCVs Ͻ25%, according to the reference values for lactating cows, was found in 50% of the cattle (Fig. 1) ; 95 animals (33%) had very low PCVs (Ͻ15%). Thin blood smears of anemic cattle showed polychromatic red blood cells (RBCs) and anisocytosis. Howell-Jolly bodies and basophilic stippling of various degrees and sizes were evident ( Fig. 2A, arrow 1) ; fine, intermediate, and large basophilic stippling was significantly more frequent in anemic animals than in cows with normal PCVs (Table 1) . These changes as well as the nucleated RBCs observed in some blood smears are indicative of regenerative anemia. Anemic cattle had significantly higher (P Ͻ 0.0001 by Kruskal-Wallis analysis) total and direct serum bilirubin levels than animals with normal PCVs, indicative of extravascular hemolysis (data not shown).
Direct evidence of infectious agents and association with disease. A. marginale inclusion bodies, observed as small round basophilic inclusions of approximately 0.5 m in diameter mainly located peripherally in the cytoplasms of RBCs (Fig.  2A , arrow 2), were found in 134 of 285 cows (47%); anemic cows had A. marginale inclusion bodies significantly more often than animals with normal PCVs (Table 1 ). The highest degree of parasitemia (34% of RBCs were parasitized) was found in a cow with a PCV of 14%. Merozoites of large Babesia spp. (Fig.  2B) were seen in RBCs of eight cows (3% of all cows; the merozoites had no correlation with anemia) (Table 1 ). In addition, we found several smaller inclusions of less well recognized appearance, such as comma-or tadpole-like shapes or small oval-round shapes that might be indicative of Theileria spp. inclusions or degenerated A. marginale inclusion bodies ( Fig. 2C and Table 1 ). Furthermore, basophilic, intracytoplasmic A. phagocytophilum inclusion bodies were detected in the neutrophils of two cows (Table 1) , and cytospin preparations of cultured mononuclear cells revealed inclusions compatible with schizonts of Theileria spp. (Koch's body-like structures; Fig. 2D ).
Using PCR, we found a significant association between the presence of each of the four infectious agents, A. marginale, Theileria spp., M. wenyonii, and Babesia (spp., and anemia, but not between the presence of A. phagocytophilum and B. burg- Reference values were determined by identical methods with blood samples from 49 healthy lactating Swiss cows ages 3 to 11 years. The 5% quantile of the PCV reference range is 25%, the median is 29%, and the 95% quantile is 33%. Fifty percent of the cows of the affected herd were anemic (PCVs Ͻ 25%). For further analysis, animals were categorized into severely anemic animals (group I), cows with intermediate PCVs (group II), and cows with normal PCVs (group III). dorferi and anemia (Table 2) . Concurrent infections were found in 37 of the 41 anemic cattle (90%) tested by PCR: five agents in the same sample were detected 2 times, four agents in the same sample were detected 8 times, three agents in the same sample were detected 13 times, and two agents in the same sample were detected 14 times. Very good agreement was found between positive results for A. marginale and microscopic detection of characteristic inclusions (K w ϭ 0.96); only 1 of 58 samples had a discrepant result (PCR positive and microscopy negative). The agreement between PCR and microscopy could not be tested either for Babesia spp., because of small numbers, or for other inclusions that could not be assigned with certainty to one of the infectious agents tested for by PCR. Several arthropods collected in the respective stables 
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were also analyzed by PCR ( Table 3 ). The majority (11 of 15) was found to have concurrent infections: four agents per arthropod were detected twice, three agents per arthropod were detected twice, and two agents per arthropod were detected seven times.
To further substantiate the PCR results, representative products from conventional PCR assays were sequenced and confirmed to be A. marginale (633 bp of MSP5; Ͼ95% homology with the sequence with GenBank accession number M93392) and Theileria spp. (641 bp of the 16S rRNA gene; Ͼ99% homology with the Theileria buffeli, T. orientalis, and T. sergenti group). Sequencing for Babesia spp. was not achieved. When Mycoplasma PCR products were analyzed by electrophoresis, bands of two distinct lengths were found. The sequence of the longer PCR product was identical to that of M. wenyonii (193 bp of 16S rRNA gene; Ͼ99% homology with the sequence with GenBank accession number AF016546). Interestingly, the sequence of the shorter, unexpected amplicon (172 bp) was 95% homologous to the sequence of M. haemofelis (GenBank accession numbers U88563 and U95297). The results of detailed genetic analysis of all agents detected will be presented elsewhere.
A. marginale serology and agreement with microscopy and PCR analysis. We aimed to further confirm the A. marginale infection by serology and to evaluate the use of the cELISA during this acute disease outbreak. Of the 285 serum samples tested, 158 (56%) were serologically positive, and seropositivity was strongly associated with anemia (P Ͻ 0.001 by chisquare analysis): 94 of 95 severely anemic cows (99%; group I) were positive, 39 of 48 cows with intermediate PCVs (81%; group II) were positive, and 25 of 142 animals with normal PCVs (18%; group III) were positive. Very good agreement was found between serology and microscopy (K w ϭ 0.82): 133 samples were positive by both tests, 125 samples were negative by both tests, 25 samples were serologically positive and microscopically negative, and 1 sample was serologically negative and microscopically positive. A similar distribution and very good agreement were also found between serology and PCR (K w ϭ 0.82). Agreement was even better when PCR and microscopy instead of antibody-detecting and antigen-detecting methods were compared (K w ϭ 0.96): only one sample with discrepant results (PCR positive and microscopy negative) was found.
Sick cattle without evidence of A. marginale infection. Interestingly, one highly anemic cow (animal 96; PCV, 12%) was negative for A. marginale by serology, microscopy, and PCR (Tables 1 and 2 ). This animal tested positive for Babesia (microscopy) and Theileria (PCR). A second A. marginale-negative cow (animal 43) with a PCV of 18% tested positive for A. phagocytophilum and M. wenyonii (PCR).
Screening for other infectious agents. We also aimed to determine the potential influence on the disease outbreak of other infectious agents not evident upon examination of blood smears. All samples collected upon necropsy and at the very beginning of the outbreak tested negative for IBR, malignant catarrhal fever, anthrax, bovine viral diarrhea virus, and bovine ephemeral fever. Two months later, however, almost 75% of the animals of the affected herd had seroconverted to positivity for IBR; this will be reported elsewhere. No evidence of retroviruses, such as the bovine leukemia or immunodeficiency virus, or of other hemolytic or cytolytic viruses was found in any of the cultivated peripheral blood samples collected from sick animals.
DISCUSSION
Sick animals died rapidly during an unexpected, severe infectious disease outbreak in a large cattle herd in the Swiss canton of Grisons in August 2002. Hematological and biochemical analyses of blood samples from diseased cows revealed signs of severe hemolytic regenerative anemia. In addition, considerable lice infestation and, occasionally, ticks were found. Thus, in the search for the etiology of this disease outbreak, we considered primarily infectious, possibly vectorborne agents that induce hemolytic regenerative anemia.
We found inclusion bodies characteristic of A. marginale in the RBCs of the majority of the diseased cows. A. marginale is a hemoparasite that leads to extravascular hemolysis in cattle (2, 27) . The presence of the pathogen was subsequently ascertained by molecular techniques and serology. It was significantly associated with anemia. A. marginale was previously reported only once in Switzerland (7) . A retrospective serological study initiated after the present outbreak, in which more than 500 serum samples collected from a representative sample of Swiss cattle in 1998 were analyzed, revealed a very low prevalence of A. marginale not exceeding the range of possibly false-positive results of the cELISA used (U. M. Dreher, unpublished data; details of this study will be presented elsewhere). Thus, prior to this outbreak, A. marginale infection played an insignificant role in Switzerland, and the extent and the severity of the present outbreak came unexpectedly. Concurrent infection with bovine retroviruses, which have occasionally been reported to be immunosuppressive (14, 54) , seemed unlikely; no evidence of such a concurrent infection was found in 10 animals tested.
A. marginale infection can be fatal in susceptible adult cattle (3, 27) and might have been partially responsible for the high rate of mortality observed in the affected herd. The rapid spread of A. marginale could have been helped by the special husbandry conditions on the farm. A. marginale can be transmitted biologically via ticks, while infected blood can also be transferred mechanically via fomites and biting insects, such as lice (11, 44) . To the best of our knowledge, iatrogenic trans- mission via fomites could be ruled out. Thus, the tick and lice infestation, the free roaming of the animals on limited space, and automatically rotating brushes that were accessible to and used by the majority of the cows in the free-range stables might have facilitated the rapid spread of the parasites from one animal to another. This assumption is also supported by the fact that no cows kept strictly in tie-in stalls had become sick. Because A. marginale as the etiology of the anemia was unexpected by Swiss measures, the blood samples were also screened for numerous other infectious agents. We found conclusive evidence for the presence of Theileria and large Babesia spp., M. wenyonii, and A. phagocytophilum. The presence of the first three infectious agents was also significantly associated with anemia. This association can be either causal or accounted for by, e.g., identical modes of transmission. While A. marginale is spread biologically and mechanically (11, 44) , Babesia and Theileria are usually transmitted biologically, but mechanical transmission has also been documented (23, 45) . In the present study, all of the parasites evaluated might have been transmitted mechanically to some degree: we assume that the infectious pressure was very high and that interanimal transmission occurred very quickly, e.g., via the efficient transfer of lice from cow to cow, possibly exponentiated by the rotating scratching brushes. Nevertheless, we also found evidence for a causal link between the presence of anemia and parasites other than A. marginale: hemoglobinuria, an indicator of intravascular hemolysis, was observed in some of the diseased cows. Hemoglobinuria can be expected, e.g., in bovine babesiosis (12, 13) and has recently been documented in a T. buffeli-infected cow (10) . However, it is not typically associated with bovine anaplasmosis, which leads to extravascular hemolysis. In addition, two highly anemic cows showed no evidence of A. marginale infection: one animal was positive for Theileria and Babesia spp.; the other tested positive for A. phagocytophilum and M. wenyonii. While A. phagocytophilum and Theileria spp. might have contributed to the observed disease via induction of immune suppression (28, 50) , it is well recognized that infection with Babesia spp. may lead to hemolysis (20) . The literature on the anemia-inducing potential of M. wenyonii in field studies is contradictory (43; R. E. Purnell, D. W. Brocklesby, and E. R. Young, Letter, Vet. Rec. 98:411, 1976). However, a recent experimental study documented the onset of severe anemia simultaneously with M. wenyonii parasitemia in an animal superinfected with A. marginale (34) .
In the present study, we also found a second, not yet described Mycoplasma strain similar to, but distinct from, M. haemofelis, which causes feline infectious anemia (15, 19) . Thus, the situation in cattle might be similar to that in cats, as recent molecular advances have made it possible to distinguish different strains of hemotrophic Mycoplasma spp. that have various pathogenic potentials (16, 22) . Further characterization of the bovine Mycoplasma sp. observed is under way.
In conclusion, this report demonstrates the presence of A. marginale, A. phagocytophilum, Babesia, Theileria, and hemotrophic Mycoplasma spp. in a Swiss dairy herd that had been killed as a last measure to circumvent the further spread and perpetuation of the disease. A. marginale infections had been observed only rarely in Swiss cattle (7) and never to the extent described here. Moreover, this study is the first to demonstrate Theileria spp. and hemotrophic Mycoplasma spp. in Swiss cattle and extends the known range of these parasites. We present evidence for a causal link of several of these infectious agents with the disease. We hypothesize that A. marginale was the most important agent as the cause of the anemia, but coinfections with other agents may have aggravated disease development. The origin of the pathogens is not yet clear. In countries with warmer climates, such as Italy south of the Alps, all of the vector-borne pathogens mentioned are common (5, 9, 11) , and mixed infections with several of these infectious agents have also been described in other parts of the world (25, 32) . It is well documented that climatic changes influence species distributions (35, 53) , and it had been speculated that with the global warming trend (31) species such as ticks can follow the warmer climate (6, 30) . Whether this could have been the case in the present study and whether similar outbreaks should be expected more frequently in the future are not clear.
